T he hypertension-related disease burden represents a major global public health challenge, with significant race and sex differences in the prevalence of hypertension across various sociodemographic subgroups among human populations worldwide. [1] [2] [3] Blacks surpass other ethnic groups in the United States with respect to the prevalence, early onset, and severity of hypertension.
T he hypertension-related disease burden represents a major global public health challenge, with significant race and sex differences in the prevalence of hypertension across various sociodemographic subgroups among human populations worldwide. [1] [2] [3] Blacks surpass other ethnic groups in the United States with respect to the prevalence, early onset, and severity of hypertension. 1, 2, 4 Men have higher blood pressure (BP) levels than women in most populations. 3 The black-white and sex differences in BP even occur in childhood, [5] [6] [7] [8] with black children showing higher levels and faster rate of change than white children. 5, 6 A large body of evidence suggests that socioeconomic, psychological, physiological, metabolic, and genetic mechanisms underlying the development of hypertension are different between races and sexes in human populations. 4, [8] [9] [10] [11] [12] [13] [14] A huge body of evidence has emerged that the lifetime risk of developing hypertension is influenced by developmental factors that occur in utero and in childhood. Prenatal and early postnatal growth is thought to cause persisting impairment in many physiological and metabolic pathways that affect hypertension susceptibility in later life. [14] [15] [16] [17] The case for childhood origins of hypertension is supported by numerous publications from large-scale population-based cohorts of cardiovascular risk factors followed since childhood. [18] [19] [20] [21] [22] However, information is limited on detailed trajectory parameters of longitudinal BP profiles from childhood and their relationship to the development of hypertension in later life, especially the trajectory parameters of BP during childhood and adult hypertension in black-white and sex groups.
Abstract-This study aims to characterize longitudinal blood pressure (BP) trajectories from childhood in black-white and sex groups and examine the association between childhood level-independent trajectories of BP and adult hypertension. The longitudinal cohort consisted of 2732 adults who had body mass index and BP measured 4 to 15 times from childhood (4-19 years) to adulthood (20-51 years). Model-estimated levels and linear slopes of BP and body mass index at childhood age points were calculated at 1-year intervals using the growth curve parameters and their first derivatives, respectively. Linear and nonlinear curve parameters differed significantly between race-sex groups; BP levels showed race and sex differences 15 years of age onward. Hypertensives had higher long-term BP levels than normotensives in race-sex groups. Although linear and nonlinear slope parameters of BP were race and sex specific, they differed consistently, significantly between hypertension and normotension groups. BP trajectories during young adulthood (20-35 years) were significantly greater in hypertensives than in normotensives; however, the trajectories during middle-aged adulthood (36-51 years) were significantly smaller in hypertensives than in normotensives. Level-independent linear slopes of systolic BP showed significantly negative associations (odds ratio=0. In this study, using the Bogalusa Heart Study longitudinal cohort of black and white young and middle-aged adult subjects who had BP measured serially from childhood to adulthood, we aim to characterize longitudinal BP trajectories from childhood in black-white and sex groups and examine their relationship to adult hypertension and the association between childhood level-independent trajectories of BP and adult hypertension.
Methods

Study Cohort
The Bogalusa Heart Study, a series of long-term studies in a semirural biracial (65% white and 35% black) community in Bogalusa, Louisiana, was founded in 1973 by Dr Berenson. 16 This study focuses on the early natural history of cardiovascular disease since childhood. In the community of Bogalusa, Louisiana, 9 cross-sectional surveys of children aged 4 to 19 years and 11 cross-sectional surveys of adults aged 20 to 51 years who were previously examined as children were conducted between 1973 and 2010. Linking these repeated cross-sectional examinations conducted every 2 to 3 years has resulted in serial observations from childhood to adulthood in the same individuals. In the current study, 2732 adult subjects (1772 whites and 960 blacks; 44.9% men) who had been serially examined for body mass index (BMI) and BP 4 to 15 times (7.0 times on average, at least 2 times in childhood and at least 2 times in adulthood) formed the longitudinal study cohort.
All subjects in this study gave informed consent at each examination, and consent of a parent/guardian was obtained for those <18 years of age. Study protocols were approved by the Institutional Review Board of the Tulane University Health Sciences Center.
General Examinations
Standardized protocols were used by trained examiners across all surveys since the study began in 1973. 16 Body mass index (weight in kilograms divided by height in meters squared) was used as a measure of adiposity. BP levels were measured between 8:00 am and 10:00 am on the right arm of subjects in a relaxed, sitting position by 2 trained observers (3 replicates each). Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were recorded using a mercury sphygmomanometer. The fourth Korotkoff phase was used for DBP for children and adults because it is more reliably measured in childhood and more predictive of adult hypertension. 18 The mean values of the 6 readings were used for analysis. Hypertension was defined as SBP ≥140 mm Hg or DBP ≥90 mm Hg or taking antihypertensive medications at the time of survey. For hypertensive patients (n=473) who were under treatment, forced values (140/90 mm Hg) were given for SBP/DBP. Information on smoking and alcohol drinking was obtained by questionnaires. Current smokers and drinkers were defined as smoking at least 1 cigarette per day and drinking alcohol every day, respectively, during the past 12 months.
Statistical Methods
Nonlinear growth curve parameters of BP and BMI measured repeatedly at multiple time points from childhood to adulthood were estimated using a random-effects mixed model by SAS proc MIXED, as we have previously used. 23, 24 The mixed model incorporates fixed and random effects and allows the intercept, linear, and nonlinear parameters to vary from individual to individual. The random-effect coefficients represent the difference between the fixed-effect parameters and the observed values for each individual. This model also allows for repeated measurements and different numbers of unequally spaced observations across individuals. 25 The mixed linear model computes maximum likelihood estimates of curve parameters, generating 2732 different sets of curve parameters for all subjects of the study cohort. The model selection was based on the Akaike information criterion. The most parsimonious model was selected based on P values of the independent variable (age) at the significance level of 0.05. Age and its higher-order terms were included one by one for model building.
The higher-order terms of age were not included in the model if they were not significant or made lower-order terms not significant or did not improve the goodness-of-fit of the model based on AIC values. Cubic curves were fitted for SBP, DBP, and BMI in race-sex groups. ' is a vector of random-effect parameters, and ɛ is an unknown error term. Age was centered to the mean age (20.1 years) to remove the collinearity of age with its higher-order terms. The term age 2 was divided by 10 and age 3 by 20 to improve the model fitting. 26 Figure S1 in the online-only Data Supplement shows SBP growth curve of a white male subject as an example to describe the calculation of model-estimated linear slopes of BP in childhood age windows. The levels and linear slopes (tangent lines as shown in solid lines) of childhood BP during the age of 4 to 19 years were calculated using each individual's curve parameters and their first derivatives, respectively. The levels and linear slopes of childhood BMI for each individual were calculated in the same manner. Before logistic regression analyses, childhood linear slope values of SBP, DBP, and BMI at each age point were adjusted for their corresponding levels by regression residual analyses, then standardized with Z-transformation (mean=0, SD=1) by race-sex groups to avoid collinearity of levels and linear slopes in the same model.
The significance of difference in mean levels of study variables and curve parameters between race-sex groups was tested using analysis of covariance in a generalized linear model. A logistic regression model was used to estimate the association of linear slopes of SBP and DBP at childhood age points with adult hypertension, adjusting for adult age, smoking and alcohol use, levels and linear slopes of childhood BMI at age points. A mixed linear regression model was used to test the significance of difference in observed values of BP repeatedly measured in childhood between hypertension and normotension groups. Table 1 summarizes the study variables by age periods in racesex groups. BMI had sex differences from puberty to middle-age adulthood in blacks (males<females) and whites (males>females) and race difference in females only (blacks>whites). SBP showed significant sex difference (males>females) and race difference (blacks>whites) from the puberty period; DBP showed the same trends in sex and race difference during adulthood. The overall prevalence of adult hypertension was 23.5%, with significant sex difference in whites (23.7% for men versus 18.4% for females) and significant race difference (28.5% for blacks versus 18.4% for whites) in females. Figure 1 presents the longitudinal trajectories of BP from childhood to adulthood by race-sex groups. BP did not differ markedly during 5 to 14 years of age. The growth curves of SBP and DBP were separated from ≈15 years and above, with males having higher levels and slopes of SBP and BDP than females before 45 years in blacks and before 50 years in whites. There occurred a crossover between sex groups at the 2 age points for both blacks and whites. Curve parameters (β 0 , β 1 , β 2 , and β 3 ) were all significantly different from 0 (P<0.001) except β 2 =−0.05 (P=0.023) and β 3 =0.0001 (P=0.965) for DBP in black men. The curve parameter, β 0 , is the intercept (the level of BP) at age point of 20.1 years because age was centered to its mean value; β 1 describes the overall linear slopes (the tangent line) at age point of 20.1 years; β 2 describes nonlinear slopes in young adulthood during 20 to 35 years; β 3 describes nonlinear slopes in middle-aged adulthood during 36 to 51 years. Race and sex differences in the curve parameters were all significant except for sex difference in β 0 for DBP in blacks and race difference in β 0 for DBP in males as presented in Table S1 . Table 2 presents curve parameters between hypertension and normotension groups by race and sex. All curve parameters (β 0 , β 1 , β 2 , and β 3 ) were significantly different from 0 (P<0.001). The curve parameters (β 0 , β 1 , and β 2 ) of BP were all significantly greater in hypertensives than in normotensives; however, the curve parameters (β 3 ) were significantly smaller in hypertensives than in normotensives. To evaluate the potential influence of antihypertensive medication on β 3 , a sensitivity analysis was conducted by removing hypertensives under treatment (n=332). As shown in Table S2 , Δ values of β 3 were slightly changed in both SBP and DBP. Figure 2 presents the longitudinal trajectory patterns of SBP in hypertension and normotension groups by race and sex. Compared with normotensives, hypertensives had higher SBP levels from childhood to adulthood and higher slopes in young adulthood (20-35 years) but lower slopes in middleaged adulthood (36-51 years). The cubic growth curve of DBP had similar trajectory patterns among hypertensives and normotensives ( Figure S2 ). The growth curves of both SBP and DBP during prepuberty and puberty age periods were consistently higher in hypertensives than in normotensives in the 4 race-sex groups. The significance of differences in the observed childhood BP between hypertension groups was tested in mixed linear regression models. As shown in Figure  S3 , the differences in childhood observed BP values were significant in most of the race, sex, and age groups during prepuberty and puberty age periods. Table 3 presents model-estimated linear slopes of SBP during childhood (4-19 years) in 1-year intervals by racesex groups. The linear slopes (tangent lines) of SBP during childhood were calculated for each individual based on the first derivatives of their curve parameters. The linear slopes of SBP were all significantly positive and decreased as childhood age increased. The SBP linear slopes during childhood showed consistently significant race (blacks>whites) and sex (males>females) differences. The model-estimated linear slopes of childhood DBP showed similar patterns of age-related decreasing trends in race-sex groups (Table S3) . Correlations between the model-estimated levels and slopes of BP at childhood age points were significantly negative ranging from −0.44 to −0.12 (P<0.001) for SBP and from −0.39 to −0.14 (P<0.001) for DBP during the age period 4 to 7 years and significantly positive ranging from 0.09 to 0.48 (P<0.001) for SBP and from 0.08 to 0.32 (P<0.001) for DBP during the age period 9 to 19 years. The level-slope correlation patterns were consistent in race-sex groups with slight changes in the correlation coefficient sizes. Figure 3 shows the association between standardized levels and linear slopes of childhood SBP and adult hypertension in terms of odds ratio (OR) and 95% confidence interval by race and sex. For childhood SBP levels, race and sex, adult age, smoking and alcohol use, and intercepts of BMI were included as covariates. For childhood SBP linear slopes, race and sex, adult age, smoking and alcohol use, intercepts and slopes of BMI, and intercepts of SBP were included as covariates. The OR values increased with childhood age, and the increasing trends in OR values were substantially similar in all the race-sex groups. Of interest, the ORs were significantly lower than 1.0 during the prepuberty period, whereas the ORs were significantly >1.0 during the puberty period. This trend in ORs was similar across the 4 race-sex groups (P values for SBP-race and SBP-sex interactions=0.064-0.964). In addition, model-estimated levels of SBP at the 16 childhood age points (4-19 years) were all significantly associated with adult hypertension, but the trend in ORs was different from those of linear slopes. The association between model-estimated linear slopes of childhood DBP and adult hypertension showed similar patterns ( Figure S4 ). In the total sample, childhood model-estimated BP linear slopes were significantly associated with adult hypertension (OR=0.50-0.76, P<0.001 for SBP and OR=0.58-0.86, P=0.001-0.004 for DBP during the prepuberty period of 4-11 years; OR=1.44-2.80, P<0.001 for SBP and OR=1.12-3.28, P=0.001-0.042 for DBP during the puberty period of 13-19 years).
Results
Discussion
It has been well documented that blacks and men have higher BP levels and prevalence of hypertension than whites and women, respectively. [1] [2] [3] [4] [5] [6] [7] [8] The literature has been limited on the characteristics of longitudinal BP trajectory profiles from early life in black-white and sex groups and their relationship to the development of hypertension in later life. The Bogalusa Heart Study longitudinal cohort followed from childhood to middle-aged adulthood provides a unique opportunity to examine black-white and sex differences in this regard. In the present study, the growth curves of BP showed marked differences in levels and trajectory patterns from 15 years onward between race-sex groups, with black men and white women having the highest and lowest levels, linear and quadratic slopes, respectively. BP levels and slopes were not markedly different in childhood <15 years between race-sex groups. In large cross-sectional studies of children and adolescents aged 8 to 17 years from the third National Health and Nutrition Examination Survey (NHANES III) conducted in 1988 to 1994 (n=3496) and NHANES 1999 to 2000 (n=2086), race difference (blacks>whites) in SBP was found to be significant (P<0.001) among boys but not among girls. 7 The observations from NHANES III are partly consistent with this study in terms of the black-white difference in model-estimated and observed SBP among adolescents.
Recent studies have shown that BP trajectories are the strongest predictors, among different BP measures, of cardiovascular morbidity and mortality, and all-cause mortality. 27, 28 However, data are limited on the characteristics of the BP growth curve trajectory parameters, especially the trajectory patterns from early to middle life in black-white and Table S1 ). SBP indicates systolic BP.
sex groups, and their association with the risk of developing hypertension. In the current study, we found that β 0 (levels at age 20.1), β 1 (overall linear slope), and β 2 (rate of increase in 20-35 years) were all significantly greater in hypertensive than in normotensive groups, whereas the values of β 3 (change in rate of increase in 36-51 years) were significantly smaller in the hypertensive group. The lower values of β 3 among hypertensives might be affected by 2 possible factors: regression-to-the mean phenomenon and antihypertensive medication. Our sensitivity analysis, performed by removing hypertensives under treatment, showed that the Δ values of β 3 were slightly changed for both SBP and DBP in all race-sex Curve parameters were all significantly different from 0 (P<0.001). BP indicates blood pressure; HTN, hypertension; and NTN, normotension. *P<0.01 for sex difference within racial groups. †P values for difference in βs between HTN and NTN groups were adjusted for average age, with additional adjustment for β 0 for β 1 , β 2 , and β 3 .
groups. Therefore, one possible explanation is that the change in rate of BP increase tended to slow down in middle-aged adults because hypertensives already had high-normal or prehypertensive BP levels during this age period. Taken together, the results of the current study indicate that the increase in BP during early life is important for the development of hypertension. The concept has been widely accepted that roots of chronic diseases, including hypertension, extend back into early life. [5] [6] [7] [8] [14] [15] [16] The theory of developmental origins of hypertension is supported by evidence from a large number of longitudinal epidemiological studies showing that childhood BP levels are significantly and positively associated with adult BP levels. [18] [19] [20] [21] Our previous study also demonstrated that BP variability was associated with adult hypertension and BP variability even adjusting for BP levels. 22 The current study showed that both observed and modelestimated levels of BP during the childhood age period of 4 to 19 years were significantly, positively associated with adult hypertension in race-sex groups. These observations are consistent with previous longitudinal studies on the association between childhood BP levels and adult hypertension. [18] [19] [20] [21] 29, 30 We also found that model-estimated linear rates of increase in BP during the puberty age period (11-19 years) were significantly and positively associated with the risk of developing hypertension later in life after adjusting for BP levels at these age points. Theodore et al 28 reported recently that the linear slopes of SBP at ages 7, 11, and 18 were greater in the order of hypertensive, prehypertensive, high-normal, and normal BP subgroups. The sexual maturation process during the puberty period is characterized by a complex interplay among various gonadal and adrenal steroid hormones, growth hormones, and growth factors that change dramatically during this age period. 31, 32 Previous studies, including the Bogalusa Heart Study, indicated that insulin, lipids, and BP during puberty were found to be mediated by these factors, independent of adiposity. [33] [34] [35] The findings from this and previous studies suggest that adolescence is a critical temporal window for BP control to reduce the risk of adult hypertension. [18] [19] [20] [21] [28] [29] [30] [31] [32] 35, 36 In contrast to the puberty period, the model-estimated linear slopes of BP during the prepuberty period showed significantly negative associations with adult hypertension, adjusting for BP levels, and these associations were consistent across all race-sex groups. This protective effect is an important and intriguing finding that has not been previously reported and warrants further study to confirm in other populations. The observed associations of greater rates of BP increase during the prepuberty with lower risk of developing adult hypertension could be statistically and biologically explained by regression-to-the mean phenomenon and failure to thrive phenomenon, respectively. BP levels were found in this cohort to be significantly and negatively correlated with BP slopes at prepuberty age points (4-7 years) , that is, children who had lower BP levels tended to have a greater rate of increase and vice versa. This phenomenon is known as regression to the mean. 37 It is well established in this and previous studies that higher childhood BP levels are associated with a greater risk of adult hypertension. Children who had a greater rate of BP increase represented a subgroup of children who had lower BP levels and thus had a lower risk of developing hypertension in later life. Failure to thrive is defined as lack of expected normal physical growth or failure to gain weight during early childhood. 38 Hypertension is a growth-related disorder. Failure to thrive in early childhood might result in a lower rate of BP increase and constitute a risk factor for hypertension. On the contrary, a greater rate of BP increase in early childhood can be considered a normal and beneficial physiological process that has a protective effect on the development of later life hypertension. The failure to thrive-related hypertension hypothesis proposed in the current study is a new research area and deserves an in-depth investigation.
This community-based longitudinal cohort study provides a unique opportunity to examine the association between childhood BP trajectories and adult hypertension; however, it also has certain limitations. First, the forced BP values of hypertensives on pharmacological treatment may result in bias in the growth curve parameter estimation to some extent because these individuals represent a subgroup who, without treatment, would be expected to have the highest BP levels. Second, family history of hypertension, physical activity, and dietary and stress data, all known as important risk factors of hypertension, were not or partly available in the present longitudinal cohort. Their influences on the association parameters could not be examined in this study.
Perspectives
The current study characterizes the black-white and sex-specific nonlinear BP growth curves from 4 to 51 years of age in a longitudinal cohort of the Bogalusa Heart Study. The comparison analyses of the curve parameters demonstrate that the higher levels and rates of increase of BP during puberty and young adulthood are associated with adult hypertension. In contrast to the puberty period, the present study found that the greater rates of BP increase during the prepuberty have a protective effect on the risk of developing later life hypertension, Figure 3 . Odds ratio (OR) and 95% confidence interval (CI) of modelestimated childhood systolic blood pressure (SBP) levels and linear slopes for adult hypertension by childhood age and race-sex groups. For SBP levels, race and sex, adult age, smoking and alcohol use, body mass index (BMI) levels were included as covariates. For SBP linear slopes, race and sex, adult age, smoking and alcohol use, levels and slopes of BMI, and levels of SBP were included as covariates.
independent of BP levels. These observations suggest that the puberty period is a critical age window for BP control to reduce the hypertension risk. These findings underscore the importance of controlling BP in early life to prevent the development of hypertension later in life.
